Insights into the Effects of Antimicrobial Peptides on Live E. coli Cells using Time-Lapse Fluorescence Microscopy  by Rajan, Ranga & Weisshaar, James C.
548a Wednesday, February 11, 2015molecule and a fluorescence labeled melittin to obtain the lipid bilayer response
to an AMP. The same method was applied to spheroplasts to observe the action
of AMPs on bacterial membranes. In both cases, we found first the binding of
peptides expanded the membrane area. As the membrane area increased to
~2-3%, the dye molecules began to leak in. After a time, we found the sphero-
plasts lost their phase contrast indicating the lose of the cell content. The same
experiments were repeated with LL37 and magainin. We found that sytox green
is not a good indicator of membrane permeability.
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Time-lapse fluorescence microscopy enables detailed observations of the ef-
fects of natural and synthetic antimicrobial peptides (AMPs) on live E. coli
cells. Apart from tracking membrane permeabilization caused by AMPs, we
also observe the effect of AMPs on intracellular components such as the
nucleoid and the ribosome.
Using our assays, we have uncovered differences in the mechanisms of action
of synthetic peptides known to permeabilize LUVs. Our single-cell, real-time
data is rich in spatial and temporal resolution, and is biologically relevant.
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The synthetic LAH4 peptides were designed to investigate the interactions that
determine the membrane topology of helical peptides (1). Their core consist of
alanines, leucine and four histidines arranged to form an amphipathic helix, as
well as two lysines at each terminus. Through protonation of its histidines (pKs
between 5.4 and 6.0) the alignment of the helices is transmembrane at neutral
pH and in-plane at pH <5.5 (1).
The LAH4 peptides exhibit membrane pore-formation and antimicrobial action
at both neutral and at acidic pH including against clinical isolates where the low
pH configuration is more active (2). The LAH4 peptides have been found to
also exhibit potent DNA and siRNA transfection activities (3). LAH4 can
therefore act as a non-viral vector and has indeed been used for the delivery
of quantum dots or protein-based vaccines. Furthermore, transduction by
adeno-associated viruses or lentiviruses is enhanced by LAH4 peptides (4).
Ongoing biophysical and structural investigations will be reported which aim
to understand these activities at atomic resolution (5-8).
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Antimicrobial polypeptides (AMPs) are an important component of the innate
immune system of many different organisms and are generally amphipathic
and cationic in nature. Electrostatic interactions between positively charged res-
idues of the AMP and negatively charged lipids in pathogen membranes are an
important component of AMPmechanism and specificity. AMPs such as Gad-1
andGad-2 that are rich in histidine, an amino acid that is uncharged at neutral pHand positively charged at slightly acidic pH, can thus exhibit pH dependent
activity. 2H solid state NMR spectroscopy was used to study the effect of
Gad-1 and Gad-2 on model membranes at different pH values. The addition
of peptides to the model membrane system POPE/POPG-d31 (3:1) results in a
change in the splitting of spectrum both at pH 7 and pH 5. Further investigation
of peptide effects on lipid acyl chain motion were determined through calcula-
tions of orientational order parameter values (SCD). The order parameter profile
demonstrated that Gad-1 causesmore lipid acyl chain disordering than Gad-2, at
both pH 7 and pH 5. These results are consistent with Gad-1’s greater activity in
assays for bacterial growth inhibition. On the other hand, while Gad-2 is more
active at inhibiting bacterial growth at low pH than at neutral pH, its effect on
lipid acyl chain disorder is the same at pH 7 and pH 5.
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Piscidin 1 (P1) and piscidin (P3) 3 are twenty-two-residue-long antimicrobial
peptides that are membrane-active. While their amphipathic structures lend
themselves to forming pores by the carpet/toroidal pore mechanism, direct evi-
dence for theirmode of action is lacking. Previously, we determined the high res-
olution structures of both peptides bound parallel to the surface of bacterial cell
mimics constituted of 3:1 phosphocholine (PC)/phosphoglycerol (PG). In a
comprehensive effort to decipher their mechanism of action, we combined
dye leakage assays, oriented CD (OCD), X-ray diffraction (XRD), and neutron
diffraction (ND) in 3:1 PC/PG to simultaneously investigate at various peptide-
to-lipid (P/L) ratios the permeabilization capability of the peptides, the physical
state of the bilayer, and the bilayer orientations and locations of the peptides.
The OCD results show that P1 adopted an inserted state at a lower P/L than P3
(1:25 versus 1:16) in agreement with its stronger permeabilization capability.
XRD data showed that the bilayer gradually thinned from 52.5 A˚ in the
peptide-free state to 48.5 A˚ in the presence of piscidin at 1:16 P/L. ND exper-
iments at 1:25 P/L confirmed the OCD and XRD results. Because we calculated
the ND profiles for samples containing peptides that were 2H-labeled at either
the C-end or at both the N- and C-ends, we could determine the bilayer orien-
tation and location of each peptide. Importantly, the combined OCD and ND
data revealed that P1 has a transmembrane orientation almost parallel to the
bilayer normal. Further investigation of this state at a 1:16 P/L demonstrated
that it induces a dramatic broadening of the lipid headgroup distribution indi-
cating that it abolishes the strict nonpolar-polar segregation of the bilayer.
The implications for piscidin’s mode of action will be discussed.
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Piscidins 1 (P1) and 3 (P3) are cationic a-helical membrane active antimicro-
bial peptides originally isolated from the hybrid striped seabass. The peptides,
which possess broad-spectrum activity against bacteria, fungi, and viruses, bind
to anionic membranes and lyse them once a sufficient concentration has been
reached. In this study, we used confocal microscopy and FITC-labeled pisci-
dins to show that at sub-inhibitory concentrations (0.75 mM), P1 and P3 are
able to translocate across the membrane of Gram-positive and -negative bacte-
ria. The FITC signal of the peptides was co-localized with the DAPI signal of
the nucleoid region of the bacteria. CD using a 15 base pair piece of DNA and a
gel retardation assay using a 1782 base pair piece of DNA confirmed that P1
and P3 could bind to DNA in vitro. It appears that P3 binding was more disrup-
tive to the structure of DNA, and this may be due to the extra arginine residue in
P3’s sequence. However, these results did not indicate whether the peptides
translocated through the membrane or entered the cells via pores formed in
the membrane. To probe this question, we used the bacterial strain E. coli
ML35 in a permeabilization assay to determine at which peptide concentration
the membrane became permeabilized. Our data indicate that at the lowest con-
centration tested (0.1 mM) the membrane of ML35 cells became permeabilized
by P1 and P3. Our results agree with prior findings that permeabilization of bac-
terial cell membranes can occur prior to lysis and cell death. The implications
of piscidin’s ability to translocate into bacterial cells and bind to intracellular
targets at sub-lethal concentrations will be discussed in terms of its mechanism
of action, which was previously believed to be based on its membrane activity.
